Pancreatic cancer develops dense stromal tissue through the desmoplastic reaction. The aim of the present study was to assess the effects of a fibroblast-rich environment on the malignant potential of pancreatic cancer. Cells from the human pancreatic cancer cell line BxPC-3 were mixed at a ratio of 1:3 (fibroblast-rich) or 1:1 (fibroblast-poor) with cells from the human skin fibroblast line ASF-4-1. In the fibroblast-rich co-culture, tumor budding was observed and BxPC-3 cells were found to be more resistant to gemcitabine than those in the fibroblast-poor co-culture. Immunohistochemistry revealed that the expression of mammalian target of rapamycin was increased at the invasive front of fibroblast-rich co-cultures. In addition, in mouse xenografts of fibroblast-rich co-cultures, tumors were larger and had a higher Ki-67 index compared with that of the fibroblast-poor co-culture xenografts. These results indicate that fibroblast-rich co-cultures may promote the malignant potential of the pancreatic cancer cell line BxPC-3, both in vitro and in vivo.
Introduction
Pancreatic cancer is the fourth most common cause of cancer-associated mortality worldwide (1) . The disease is highly aggressive as it is often discovered late and typically develops resistance to conventional therapy (2) . The five-year survival rate is <5%, indicating a poor prognosis for all stages (1, 3) .
In colorectal cancer and early breast cancer, it has been found that the proportion of stromal cells within the primary tumor has prognostic value (4, 5) . Pancreatic cancer tissue is characterized by its enrichment of stromal cells. Furthermore, pancreatic stellate cells, which are myofibroblast-like cells found in the areas of the pancreas that have exocrine function, are critical in the desmoplastic reaction, resulting in cancer cell progression (6) . However, it has not been investigated whether the pancreatic cancer cell-to-stromal cell ratio in the primary tumor is a prognostic factor.
In cancer biology, the nature of the cancer microenvironment is important (7) . The cancer microenvironment, which is formed by tumor cells and tumor-mediated interactions with stromal cells and the extracellular matrix (7) , supports malignant growth and invasion (6) . Stromal fibroblasts promote pancreatic cancer cell proliferation (8) . In squamous cell carcinoma, fibroblasts lead collective cancer cell invasion into three-dimensional (3D) culture (9) . For the analysis of cellular function and interaction, 3D culture systems have been developed to mimic the in vivo architecture of the cancer microenvironment in natural organs and tissues (10) .
Tumor budding is defined as the presence of individual or small clusters (1-5 cells) of de-differentiated cancer cells around the invasive front (11, 12) . Budding is an independent prognostic factor in pancreatic cancer, as well as colorectal and esophageal cancers (11, 13, 14) . Tumor budding is closely correlated with nodal metastasis (15) , and is thought to reflect the process of epithelial-mesenchymal transition (EMT), which increases the capacity for migration and invasion (16, 17) .
Mammalian target of rapamycin (mTOR) controls the size of cells through its modulation of the rate at which ribosomal proteins are synthesized (18) . mTOR expression is associated with cancer progression and chemoresistance (19) . Therefore, investigating the expression of mTOR in pancreatic cancer is important in order to better understand the biology of the disease.
In the present study, a 3D co-culture that mimicked the microenvironment of pancreatic cancer was established. The co-culture consisted of human pancreatic cancer cells (BxPC-3 cell line) and skin fibroblasts (ASF-4-1 cell line) with extracellular matrix collagen gel and Matrigel. The effect of a fibroblast-rich environment on the malignant potential of pancreatic cancer was investigated by analyzing tumor budding and mTOR expression through immunohistochemical staining of the culture.
Materials and methods
Cells and cell culture. The human pancreatic cancer cell line BxPC-3 was obtained from the RIKEN Bioresource Center Cell Bank (Tsukuba, Japan), and human skin fibroblast ASF-4-1 cells were obtained from the Japanese Collection of Research Bioresources Cell Bank (National Institutes of Biomedical Innovation, Health and Nutrition; Osaka, Japan).
Cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin; Nacalai Tesque, Inc., Kyoto, Japan) in a humidified atmosphere of 5% CO 2 at 37˚C.
3D Matrigel and collagen invasion assay. Matrigel (#354234;
BD Biosciences, Franklin Lakes, NJ, USA) was diluted at a 1:3 ratio with AteloCell (#KOU-RPM-02; Koken Co., Ltd., Tokyo, Japan) and mixed. The mixture was then placed in Falcon Cell Culture Inserts (8 µl pore size; #353097; Corning, Inc., Corning, NY, USA) in 24-well plates (100 µl/well). Following incubation for 1 h at 37˚C, 500 µl of supplemented RMPI-1640 medium (described above) was added to the bottom of each well. BxPC-3 cells were adjusted to a final concentration of 1.0x10 6 cells/ml with FBS-free medium, and suspended gently on the 3D Matrigel (as described above) for the collagen invasion assay. Each well contained 1.0x10 5 pancreatic cancer cells. For the addition of ASF-4-1 cells, the number of these fibroblasts was adjusted to a 1:1 (fibroblast-poor) or 3:1 (fibroblast-rich) ratio with BxPC-3 cells in 100 µl of medium. Gemcitabine (10 µM) was added 24 h after seeding, by which point all cells had aggregated.
Following a 48-h incubation, the cells were assessed under light microscopy (BX50F; Olympus Corporation, Tokyo, Japan). The polycarbonate membranes at the bottom of each chamber were cut and fixed in 10% formalin for 6 h, and subsequently fixed with HOLD GEL 110 (Ebis1 kit; Asiakizai Co., Ltd., Tokyo, Japan) and embedded in paraffin. Blocks were sliced into 3 µm-thick sections, stained with hematoxylin and eosin and subjected to immunohistochemistry. Invasion assays were performed a minimum of three times.
Immunohistochemistry and reagents. Automated immunohistochemical staining was performed with a BenchMark LT slide stainer (Ventana Medical Systems, Inc., Tucson, AZ, USA). After pretreatment with citrate buffer (Ventana Medical Systems, Inc.) for 60 min, sections were incubated for 32 min at 37˚C with the following primary antibodies: Mouse monoclonal antibodies against cytokeratin 18 (CK18; #sc-6259; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; dilution, 1:100), E-cadherin (#18-0223; Invitrogen, Thermo Fisher Scientific; dilution, 1:50), caspase-cleaved CK18 (M30 CytoDEATH; #10700; PEVIVA, Stockholm, Sweden; dilution, 1:100), vimentin (#M0725; Dako, Glostrup, Denmark; dilution, 1:100), Ki-67 (MIB-1; #08-1156; Invitrogen, Thermo Fisher Scientific; ready-to-use); rabbit polyclonal anti-CD31 (#ab28364; Abcam, Cambridge, MA, USA; dilution, 1:40) and rabbit monoclonal anti-mTOR (#2983; Cell Signaling Technology, Inc., Danvers, MA, USA; dilution, 1:100). The mTOR inhibitor rapamycin was obtained from Abcam (#ab120224). Gemcitabine was purchased from Wako (#077-05671; Wako Pure Chemical Industries, Ltd., Osaka, Japan). Ki-67 proliferation indices were measured by nuclear staining with the MIB-1 monoclonal antibody. For chromogenic detection iVIEW DAB Detection kit (#760-091; Ventana Medical Systems, Inc.) was used. This kit included secondary antibodies, which were a mixture of biotin-conjugated goat anti-mouse immunoglobulin (Ig)G polyclonal antibody, anti-mouse IgM polyclonal antibody and anti-rabbit IgG polyclonal antibody. Samples were incubated with secondary antibody at 37˚C for 8 min. The chromogenic reaction was performed using 3,3'-diaminobenzidine and horseradish peroxidase-conjugated streptavidin (both taken from the iVIEW DAB Detection kit). Evaluation of mTOR expression at the invasive front was scored by the percentage and intensity of staining. Staining percentage was scored as follows: 0 points, <1%; 1 point, 1-20%; 2 points, 21-50%; and 3 points, >50%. Staining intensity was scored as follows: 3 points, strong; 2 points, intermediate; 1 point, weak; and 0 points, negative. The sum of these two scores served as the total score.
Xenograft and tissue preparation. Male severe combined immunodeficiency (SCID) mice (n=20; weight, 23-25 g) were housed (5 mice per cage) in pathogen-free conditions and exposed to 12 h light/dark cycles, with ad libitum access to food and water. At 8 weeks of age the mice were used. For implantation, an incision was made in the backs of the mice, and 1.0x10 5 BxPC-3 cells with ASF-4-1 cells (1:1 or 1:3 ratio) from the 48-h 3D co-cultures were transplanted into the subcutaneous tissue of the mice. Every week, tumor sizes were recorded. After 4, 6, 8 or 10 weeks, five mice were sacrificed by CO 2 inhalation, the tumors were harvested, embedded in paraffin and cut into 3-µm sections. The sections were then stained with hematoxylin and eosin for immunohistochemical analysis.
All animal experiments were performed in accordance with the guidelines approved by the ethics committees of Mie University (Tsu, Japan).
Statistical analysis.
Mean tumor size and area were compared between groups, and a two-tailed independent sample Student's t-test was applied. P<0.01 was considered to indicate a statistically significant difference.
Results

Fibroblast-rich co-cultures exhibit tumor budding and greater resistance of BxPC-3 cells to gemcitabine than cells in fibroblast-poor co-cultures.
To analyze the association between pancreatic cancer cells and fibroblasts, a 3D co-culture system closely mimicking the physiological interactions in tissue was established. BxPC-3 cells co-cultured with an equal number of ASF-4-1 cells were able to migrate into the gel, and formed a characteristic invasive front at the advancing edge of the tumor (Fig. 1A-C ). The invasive front was defined as the most external cancer cell nest. To study whether fibroblasts promoted the malignant potential of BxPC-3 cells ('B'), increased numbers of ASF-4-1 cells ('A') were co-cultured with a constant number of BxPC-3 cells. In B:A co-cultures with a 1:3 ratio, tumor budding was observed around the invasive front ( Fig. 1D-F ). Budding was defined as small clusters of de-differentiated cancer cells around the invasive front of the lesion; this correlates with poor prognosis in pancreatic cancer as well as colorectal and esophageal cancers (12) (13) (14) . The number of buds was higher in B:A=1:3 co-cultures than in B:A=1:1 co-cultures, as demonstrated by CK18-positive findings, which indicate the distribution of cancer cells ( Fig. 1E  and F ). Gemcitabine (10 µM) was added 24 h after seeding, by which point all cells had aggregated. Following a further 24 h, apoptotic/CK18-positive cells were counted. As observed in the first part of the experiment, almost all cells at the invasive front were cancer cells ( Fig. 1C and F) . The M30 CytoDEATH antibody recognizes human caspase-cleaved CK18, which is not observed in viable cells (20) . The percentage of M30 CytoDEATH-positive cells at the invasive front was assessed ( Fig. 2A ). In B:A=1:1 co-cultures, the percentage of M30 CytoDEATH-positive cells was 8.5%, whilst that in B:A=1:3 co-cultures was 3.9% (P= 0.003) (Fig. 2B) . Thus, BxPC-3 cells in B:A=1:3 co-cultures were more resistant to gemcitabine than cells in B:A=1:1 co-cultures.
BxPC-3 cells at the invasive front of fibroblast-rich co-cultures are larger than that in fibroblast-poor cultures.
Immunohistochemical staining for E-cadherin was used to allow measurement of the cross sectional area of the invasive front. The cross sectional area was calculated using the image analyzing software, DP2-BSW (Olympus Corporation), by tracing the outline of invasive front. The size of BxPc-3 cells was calculated by dividing the cross sectional area of the invasive front by the number of BxPc-3 cells at the invasive front (Fig. 3A) . The cross-sectional area of the invasive front was decreased in B:A=1:3 co-cultures compared with B:A=1:1 co-cultures. The average area of the cross-section of the invasive front was 3,156 µm 2 in B:A=1:1 co-cultures, and 1,155 µm 2 in B:A=1:3 co-cultures (P<0.001) ( Fig. 3B ). Furthermore, the number of the cells at the invasive front was decreased in B:A=1:3 co-cultures. In B:A=1:1 co-cultures, the average number of BxPC-3 cells at the invasive front was 23, whereas in B:A=1:3 co-cultures showed an average of 8 cells (P<0.001) (Fig. 3C) . Reducing the number of cells in the invasive front was responsible for decreasing the size of the invasive front in B:A=1:3 co-cultures. However, the average size of each BxPC-3 cell at the invasive front of B:A=1:3 co-cultures was 138±5.8 µm 2 , which were larger than that of B:A=1:1 co-cultures (116±5.8 µm 2 ), despite the reduced cross-sectional area of the invasive front (Fig. 3D ). MIB-1 indices remained unaltered, regardless of the number of fibroblasts (Fig. 3E) .
mTOR is increased at the invasive front in fibroblast-rich co-cultures, and mTOR inhibition suppresses invasive front formation and proliferation. As mTOR controls the size of cells through regulating the rate of protein synthesis of ribosomes, we hypothesized that the increased size of cells at the invasive front in B:A=1:3 co-cultures was related to mTOR. Immunohistochemical staining revealed that expression of mTOR was increased at the invasive front in B:A=1:3 co-cultures (total .516) relative to that in B:A=1:1 co-cultures (total score = 0.666±1.032) (Fig. 4A ). Treatment with rapamycin (100 nM), an mTOR inhibitor, was observed to prevent invasive front formation in B:A=1:3 co-cultures (Fig. 4B) . The MIB-1 index at the edge of the front without rapamycin in fibroblast-rich co-cultures was 50%, whereas the MIB-1 index with rapamycin was 7% (Fig. 4B) . Thus, the proliferation rate differed significantly in the presence or absence of rapamycin (P<0.001). These results indicate that mTOR expression in BxPC-3 cells may modulate the malignant potential of the cancer cells.
A fibroblast-rich environment promotes tumor growth and invasion in xenograft models. In xenograft models using SCID mice, tumor growth initiated by B:A=1:3 co-cultures was more rapid than that initiated by B:A=1:1 co-cultures (P=0.005; Fig. 5A ). Additionally, the MIB-1 indices at 6, 8 and 10 weeks in B:A=1:3 co-cultures were significantly higher than those in B:A=1:1 co-cultures (P=0.005; Fig. 5B ).
Upon examination of the transplanted B:A=1:1 co-cultures, it was observed that BxPC-3 cells exhibited homogeneous proliferation and had small, round nuclei; these cells did not infiltrate into peripheral tissues (Fig. 5Ca ). However, following transplantation of B:A=1:3 co-cultures, BxPC-3 cells exhibited marked nuclear atypia and pleomorphism (Fig. 5Cb ). Furthermore, differentiation to squamous cell carcinoma ( Fig. 5Cc ) and neural invasion (Fig. 5Cd) were observed in the B:A=1:3 co-culture group.
There was no significant difference in BxPC-3 mTOR expression between B:A=1:1 and B:A=1:3 co-cultures in vivo (data not shown). Angiogenesis was estimated by counting CD31-positive vessels in the tumor; however, no significant difference was observed (data not shown).
Discussion
The present study demonstrated that BxPC-3 cells co-cultured with rich ASF-4-1 cells acquired chemoresistance, invasive properties and increased mTOR expression in vitro. Furthermore, fibroblast-rich culture promoted tumor growth and invasion in vivo. This indicates that rich ASF-4-1 cells promote the malignant potential of BxPC-3 cells in vitro and in vivo.
In colon cancer and early breast cancer, the enrichment of stromal cells within the primary tumor has been observed to be correlated with poor prognosis (4, 5) . In addition, various studies have concluded that the microenvironment surrounding cancer cells promotes cancer progression (6, 7) . Fibroblasts, in particular, support tumor growth and promote metastasis and drug resistance (21, 22) . Therefore, we hypothesized that a fibroblast-enriched microenvironment would promote the malignant potential of the pancreatic cancer cell line BxPC-3.
Tumor budding is an independent prognostic factor in pancreatic cancer as well as other cancer types, particularly colorectal cancer (12) (13) (14) . Budding cells are defined as small clusters that are de-differentiated and located around the invasive front (11, 12) . These cells are CK18-positive and suppress E-cadherin; therefore, they are thought to undergo EMT, resulting in malignant progression (16) . In the current study, budding cells were observed around the invasive front in B:A=1:3 co-cultures. When BxPC-3 cells migrated into the Matrigel-collagen mixture, they appeared to have suppressed E-cadherin expression following their interaction with fibroblasts, a process that may lead to tumor budding. Under fibroblast-rich conditions, the number of BxPC-3 cells at the invasive front decreased compared with the B:A=1:1 co-cultures. Tumor budding is observed in pancreatic cancer in addition to gastrointestinal carcinoma (11) . In the present study, co-culture with a high ratio of fibroblasts led BxPC-3 to initiate tumor budding and possibly EMT.
The atypical serine/threonine protein kinase mTOR belongs to the phosphoinositide-3 kinase (PI3K)-related kinase family. mTOR forms two distinct complexes, named mTOR complex (mTORC) 1 and 2 (18) , by interacting with a number of proteins. The mTORC1 pathway integrates at least five major types of intracellular and extracellular signals (growth factors, stress, energy status, oxygen and amino acid signals) to control various major processes, including protein and lipid synthesis, autophagy, proliferation, metabolism and cell growth (18) . In cancer cells, mTORC1 controls apoptosis and angiogenesis through hypoxia-inducible factor 1 and vascular endothelial growth factor, and cell mobility through the RhoA-Rac1 pathway (23, 24) . The mTORC2 pathway integrates growth factors and controls metabolism, cytoskeletal organization and cell survival (18) . Thus, mTOR controls cell size in addition to certain major signals in cancer cells, affecting invasion, proliferation and migration. In the current study, the mean size of the cells at the invasive front in B:A=1:3 co-cultures was larger than that in B:A=1:1 co-cultures in vitro. In addition, BxPC-3 cells at the invasive front expressed a higher level of mTOR in B:A=1:3 co-cultures than did those in B:A=1:1 co-cultures in vitro. Furthermore, rapamycin, an mTOR inhibitor, prevented BxPC-3 cells in B:A=1:3 co-cultures from migrating and proliferating. mTOR is involved in chemoresistance in pancreatic cancer through an apoptotic pathway including nuclear factor κB and the Akt/PI3K pathway (25, 26) . In the current study, an elevated fibroblast ratio increased chemoresistance of BxPC-3 cells to gemcitabine at the invasive front. BxPC-3 cells in the B:A=1:3 co-cultures may have suppressed apoptosis through the Akt/PI3K pathway, resulting in increased chemoresistance. mTOR is downstream from the Akt pathway. It has been shown that proliferation, invasion and colony formation by BxPC-3 cells are promoted through activation of mitogen-activated protein kinase (MAPK) and Akt pathways by human pancreatic stellate cells (8) . In the present study, it is suggested that the Akt/PI3K pathway in BxPC-3 cells may have been activated in the presence of high ratios of ASF-4-1 cells, resulting in activation of mTOR. Consistently, in fibroblast-rich culture, mTOR expression correlated with malignant potential of BxPC-3 cells.
In penile squamous cell carcinoma, mTOR has been shown to be overexpressed in histologically high grade cases (27) . BxPC-3 cells with enriched fibroblasts may have been in a histologically high grade due to mTOR expression at the time of transplantation. In addition, neural invasion of pancreatic cancer is correlated with phosphorylation of the RET-Ras-MAPK pathway (28) . As mTOR is downstream from the Ras signal (18) , in the current xenograft model, BxPC-3 cells from B:A=1:3 co-cultures may have had the ability for neural invasion when they were transplanted.
There was no significant change in mTOR expression in B:A=1:1 co-cultures or B:A=1:3 co-cultures used for xenografting. It is possible that, following transplantation, mTOR expression in BxPC-3 cells was induced by some other factor, e.g., growth factors, cytokines, hormones, blood flow or immunoregulation (18) .
In the present study, the model tissue had no blood flow and no immune response, which limited these results with regard to the accuracy of mimicking of the pancreatic cancer microenvironment in vivo. However, we suggest that this model may be useful for cancer research, particularly studies of the interaction between cancer cells and fibroblast enrichment, and the mechanisms of tumor proliferation and invasion. Because the passages of the cell lines were different, the ratio between cancer cells and fibroblast cells may be altered due to their different growth rate. However, the same experiments were repeated at least three times with cells from different passages, yielding almost identical Ki-67 indices; therefore, the difference of passages exerts little influence on the result. In the future, we aim to investigate the interactions with endothelial cells, immune cells, other cell lines and pancreatic cancer cells derived from the human body.
